Perovskite-like BiFeO 3 nanoparticles doped with barium and sodium ions were synthesized via the citric acid route by the sol-gel method. The as-prepared Bi 0.65 Na 0.2 Ba 0.15 FeO 3 nanopowders were divided into three equal portions and separately annealed at various annealing temperatures of 600, 700 and 800°C. The powders were characterized using X-ray diffraction (XRD) and crystallized with a rhombohedral R3c space group. Scanning electron microscopy was used to determine the morphology of the crystal and Fourier transform infrared spectroscopy was conducted at room temperature to determine the phase purity and the B-site formation in the perovskite structure. The UV-vis diffuse reflectance spectroscopy of all the materials was investigated, showing strong photoabsorption (λ > 420 nm). The doping effect of BiFeO 3 enhanced photocatalytic activity while it significantly reduced the energy bandgap to 2.05 eV (for BNBFO at 800°C) which showed strong visible light absorption. The photocatalytic activity of Bi 0.65 Na 0.2 Ba 0.15 FeO 3 nanomaterials was tested by monitoring the degradation rate of methylene blue dye pollutant under visible light irradiation in aqueous solution. All powders showed photoactivity after 2 hours of visible light irradiation. The annealing temperature greatly affected the methylene blue degradation, showing the efficiencies of 57, 67 and 75 % for BNBFO at 600, 700 and 800°C, respectively. Kinetic studies were carried out and the rate constants of 6.70 x 10 -3 , 8.90 x 10 -3 and 1.05 x 10 -2 min -1 were obtained for powders annealed at 600, 700 and 800°C, respectively. The photocatalytic mechanism of the degradation process was proposed in this study.
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Introduction
Interestingly, a large number of perovskite nanoparticles have been discovered in the last few years. Perovskites are inorganic compounds with the general formula of ABO 3 (1) . The A-site in the structure represents an alkalineearth or a rare-earth (RE) element while the B-site is often a small element of the transition metal (2) . The material was reported to have very fascinating multiferroic properties (3) . The origin of these properties lies in the crystal structure of the material based on the synthesis procedure and route via which the material is prepared. A number of methods have been used for the preparation of BiFeO 3 (BFO) nanopowders. Scientists in various researches have prepared the material using widely accepted methods such as sol-gel (4), co-precipitation (5) and hydrothermal method (6) . One method comes with a particular advantage over the other. The sol-gel method is simple and handy and it requires a temperature below 100°C for the preparation. Moreover, the process is cost-effective and produces pure crystals with high yield.
Recently, the material has been shown to be very promising for practical applications because of its nontoxicity, low cost, and excellent chemical stability (7) . The photocatalytic performance of these nanomaterials is drawing considerable attention especially in environmental remediation, sewage and wastewater treatments, air purification, industrial waste processes and destruction of toxic chemicals (8, 9) . The structure of BFO can be modified by doping at either of the sites to enhance the photocatalytic activity of the material.
The doping effect of BFO improved photoactivity of the catalyst under the visible light irradiation for the degradation of organic pollutants owing to its narrow band gap energy (2.0-2.75 eV). The study of the impact of a particular RE metal by doping into the structural, electronic and photocatalytic properties of the materials is, therefore, necessary (10). Soltani and Entezari (11) revealed that the photocatalytic activity of BFO can lead to the production of hydrogen by water splitting in solar energy.
Other interesting applications of photocatalyst in environmental sanitation include photodegradation of volatile organic compounds for water treatment (12) , germicidal and antimicrobial action (13) , de-colorization of industrial dyes (8) , nitrogen fixation in agriculture (14) , and removal of several other air pollutants (9) . It would be interesting to explore the possibilities of doping BFO with noble metals that will acts as photocatalyst for consideration in various potential applications. BFO was reported to have photocatalytic activity under visible light for the decomposition of methyl orange with band-gap energy values of 2.18-2.55 eV (15) . Methylene blue (MB) is a cationic organic dye used in the textile industries. The removal of the dye from wastewater is necessary because it contaminates water, thereby making it toxic to aquatic lives. BFO and BFO related materials were used efficiently as photocatalyst in the removal of MB dye. The catalysts under visible light irradiation create valence band (VB) electrons and cause the electron to move to the conduction band (CB) leading to the generation of holes (16) . The holes made are very active and can react directly with the organic contaminants on the surface of the catalyst. Huo et al (17) reported an energy band gap of 2.1 eV for BFO photocatalyst in MB photodegradation after 2 hours of visible light irradiation. BFO doped with Ca was reported to enhance the visible light response of the material for photocatalytic degradation bringing the degradation rate (C/C 0 ) of MB to 100% (18) .
The photocatalytic activity, magnetic ordering, and doping effects of BFO material with noble metals (Na + , K + , Ca 2+ , Sr 2+ , Ba 2+ ) using both univalent and divalent metal ions were investigated (4, 19, 20) . Therefore, the photocatalytic activities of the remaining BFO-doped semiconducting materials are needed to be explored at different concentrations of dopants until a suitable band gap energy is determined effective for photodegradation of pollutants under visible light irradiation.
In this research, pure perovskite-like Bi 0.65 Na 0.2 Ba 0.15 FeO 3 nanoparticles with controlled size were prepared using the sol-gel method in the presence of sodium dodecyl sulfate (SDS) as a surfactant. The effect of annealing temperature on doping the material was investigated. The photocatalytic activities of the powders were determined against a methylene blue pollutant for degradation studies under visible light irradiation. The degradation rate of the dye was determined and the energy bandgap was calculated. Kinetic data were generated and the mechanism of the photodegradation process was proposed and discussed.
Materials and Methods
Materials
The chemicals used in this study were as follows: Bi(NO 3 ) 3 .5H 2 O (purity>99%), Ba(NO 3 ) 2 (purity>99%) , NaNO 3 (purity>99.0%) , NaOH (98%), Fe(NO 3 ) 3 ·9H 2 O (purity>98.5%), HCl (37%), SDS (average M.W. = 288.38), (C 6 H 8 O 7 ·H 2 O; citric acid), ethylene glycol (purity>99%), and NH 4 OH (30% NH 3 ). All chemicals were purchased with an analytical grade from Sigma-Aldrich and used without further purification. Distilled water was used throughout this work.
Synthesis
Method of Bi 0.65 Na 0.2 Ba 0.15 FeO 3 Nanoparticles Bi 0.65 Na 0.2 Ba 0.15 FeO 3 nanopowders were synthesized using the sol-gel method via the citric acid route in the presence of SDS. The nitrate precursors were calculated in stoichiometric amounts by taking 6.30 g of Bi(NO 3 ) 3 .5H 2 O and 0.78 g of Ba(NO 3 ) 2 to form an aqueous solution at room temperature. Then, 8.08 g of Fe(NO 3 ) 3 ·9H 2 O and 0.34 g of NaNO 3 were added to the mixture and the whole solution was made up to 100 mL with distilled water until a homogeneous solution was formed. The solution in a beaker was then placed on a magnetic stirrer set at 90°C. The citric acid solution (4.0 x 10 -1 M) was added in dropwise with continuous heating and stirring process for about 40 minutes. Then, 10 mL of ethylene glycol was added as structure-directing and polymerization agent with continuous heating and stirring followed by the addition of 5 g of SDS (0.35M). The pH of the solution was maintained at 8 following the addition of a few drops of solution (30% NH 3 ). After about 1 hour, a dark yellow solution was formed which is then dried in an oven to give gel. The gel obtained was pre-calcined to obtain purephase powders. The obtained fine powders were separately annealed at temperatures of 600, 700 and 800°C for 4 hours. The sol-gel method was previously used to study BFO and BFO related nanoparticles (4,21).
Characterization
X-ray diffraction (XRD) analysis of the powders was conducted using the Rigaku Ultima IV X-ray diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å) at a scan rate of 10°/min. The accelerating voltage and the applied currents were 40 kV and 35 mA, respectively. Field emission scanning electron microscopy (SEM, JEOL/EO Version 1.0 JSM-6610) was used to study the morphology of the samples at an accelerating voltage of 40 kV and 40 mA having 3 0 /min speed. A 100 PerkinElmer FTIR spectrometer was used to collect the spectra of all the powdered samples. The Uv-visible absorption spectrum of the samples was determined using a Shimadzu 3101 spectrophotometer between 200-800 nm.
Studies of the Photocatalytic Activity
The photocatalytic activity of perovskite-like Bi 0.65 Na 0.2 Ba0. 15 FeO 3 nanomaterials was investigated by the photodegradation studies of MB dye in aqueous solution under the visible light irradiation. To do so, 15 mg of the catalyst was used throughout the degradation studies. The dye solution (10 mg/L) was prepared by dissolving 10 mg of the dye in 1000 mL of distilled water at room temperature. The wavelength of maximum absorbance of the dye was scanned and recorded at 664 nm. A photoreactor was used throughout the photocatalytic studies with a magnetic stirrer set at 50 rpm using a 250 W Xe lamp (λ > 400 nm) (Osram, Germany). In the first experiment, 100 mL of the dye solution was used without catalyst under the dark condition at 20-minute intervals for 2 hours until adsorption equilibrium was reached. No activity was recorded for the blank dye solution in the absence of light and catalyst. The procedure was repeated with separate portions of the catalysts under visible light irradiation adjusting the pH of the solution to 7. 10 mL of the solution was pipetted each time after 20 minutes to monitor the absorbance using the Shimadzu UV-vis spectrophotometer. The degradation rate (C/C 0 ) of all samples was calculated and determined.
Results and Discussion
3.1 XRD Results of the Bi 0.65 Na 0.2 Ba 0.15 FeO 3 Nanoparticles A fine brown powder of BNBFO was obtained with high yield. The XRD pattern of the nanoparticles displayed high crystallinity as shown in Fig. 1 . The diffractograms after matching were shown to be made up of singlephase crystals with a distorted rhombohedral structure belonging to R3c space group. The absence of impurity peaks is an indication that all ions have been incorporated into the perovskite structure. All the samples showed crystallinity, and powders annealed at 600 º C and 700 º C displayed prominent perovskite peaks with a gradual increase in the peak intensities. The increase in peaks could be as a result of doping the ions into the structure of BFO nanoparticles. No significant change was observed in the peak intensities of the powdered nanoparticles except for gradual peak broadening of BNBFO at 800°C, indicating high crystallinity of the material. The average crystallite size of the powders was estimated using the Debye-Scherrer equation (1) as the annealing temperature was increased, which was found to be 29.68 ± 2 nm for BNBFO at 800°C. The results obtained are in good agreement with the results of other previously reported studies (4, 21) .
Where K is the Scherrer constant, λ is the wavelength of radiation, θ is the Bragg angle, β is the full width at half maximum and D is the average crystallite size of the material.
SEM Results of the Bi 0.65 Na 0.2 Ba 0.15 FeO 3 Nanoparticles
The SEM results of BNBFO nanoparticles annealed at 600-800°C are shown in Fig. 2 . The results show the formation of polycrystalline nanoparticles. The powder annealed at 600°C ( Fig. 2a) showed clustering of the particles indicating that even after doping, the structure of the material is maintained and no second phase was observed. At a temperature of 700°C, an increase was observed in the shape and size of the particles as shown Fig. 2b. Fig. 2c shows agglomeration of the particles thereby affecting the morphology of the crystals for powder at 800°C. This is due to the increase in annealing temperature leading to an increase in the crystallinity of the material and hence increase in the particle size (20 to 80 nm). This result agrees very well with the presented XRD results. The FTIR results of Bi 0.65 Na 0.2 Ba 0.15 FeO 3 nanopowders (600-800) were determined at room temperature for all the samples. Fig. 3 shows the spectra of the powdered nanoparticles. Stretching and bending vibrations for the formation of the perovskite structure were found to be in good agreement with the results presented for XRD. At around 850-1350 cm -1 , there is a broad absorbance peak which is assigned to the powdered crystals as a result of adsorbed water molecule onto the surface of the material (4). A decrease in the peak intensity suggests that more of the oxides have been properly incorporated into the perovskite structure due to the effect of doping the material. Stretching and bending vibrations at around 600 cm -1 is assigned to the metal-oxygen bonds for Fe-O and O-Fe-O in the perovskite structure (22) . The optical absorption of all samples was measured using the Uv-Vis DRS spectrum as shown in Fig. 4 . The materials showed strong photoabsorption within the visible light region (200-800 nm) of the electromagnetic spectrum and the powder annealed at 800°C had the highest wavelength of absorption. The photoabsorption of the powder may be as a result of appropriate incorporation of the sodium ion into the perovskite structure. The band gap energy of the semiconducting material with the highest optical absorptivity was determined. The inset in Fig. 4 shows how the band gap energy was extrapolated from Tauc's plot using equation (2) (23).
Where hv is the photon energy, α is the optical absorptivity coefficient, C is a constant known as the effective mass parameter, n is 1/2 for a direct transition, and Eg is the energy band gap (24) . These materials may show a potential application in wastewater treatments with an extrapolated bandgap energy of 2.05 eV which is in agreements with the previous findings of other researchers having energy band gap values of 2.0 eV, 2.3 eV, and 2.1 eV (25).
The Photocatalytic Performance of BNBFO
The photocatalytic performance of all the powdered samples were investigated by the degradation studies of the model dye, MB pollutants, under visible light irradiation (λ > 420 nm) at 20-minute intervals for 2 hours. In the absence of catalyst throughout the degradation process, the dye was found to be stable having no or little degradation rate (C/Co), approximately 3%. As shown in Fig. 5 , the degradation effect was so good for powders annealed at 600 and 700°C, and best at 800°C. Equation 3 is used to calculate the degradation efficiency of the dye, where C 0 and C t are the initial and final concentrations of the dye before and after degradation process, respectively.
The degradation efficiencies of BNBFO for MB removal were found to be 57, 67 and 75 % for powders at 600, 700, and 800°C, respectively. All powders exhibited an excellent visible light response, attributed to the doping with Na, which in-turn led to an increase in the photocatalytic properties of the powdered nanoparticles. Table 1 shows the comparison of the degradation rate of methylene blue with BNBFO and some other catalyst. The photocatalytic reaction for the degradation of MB follows the first-order kinetics as shown in Fig. 6 . The rate constants for MB degradation based on the pseudo-firstorder kinetics was determined quantitatively as shown in Table 2 using the equation. ln(C t /C 0 ) = k obs t)
Where k obs is the observed rate constant, C 0 and C are the initial and final concentrations at time t (minutes), respectively for the dye (33) . The rate of the reaction was found to increase with increasing annealing temperature. The rate of the degradation process with the catalyst increases with increasing the annealing temperature resulting in an increase in the rate constants of the pseudofirst-order kinetics. The rate constants for the materials, where the value of k was highest for BNBFO annealed at 800°C, may also be due to the doping into the perovskite structure leading to improved photocatalytic activity of the BNBFO nanoparticles.
Mechanism of MB Degradation
The following equations (5) (6) (7) (8) show the photocatalytic reaction involved in the generation of electron-hole pairs. In the mechanistic pathway, the electron generated in the conduction band of the catalyst is trapped by peroxide causing the production of radical species. The holes abstract electrons from absorbed dye or react with H 2 O to form hydroxyl radicals. The electrons then reduce the absorbed molecular oxygen to yield superoxide anion radicals which can further disproportionate to form OH radicals via chain reactions. Both kinds of radicals can initiate redox reactions with organic molecules absorbed on the surface of the photocatalyst which leads to the destruction of the dye. The radicals generated are responsible for the photodegradation of methylene blue dye. 
Conclusion
Perovskite-like Bi 0.65 Na 0.2 Ba 0 . 15 FeO 3 photocatalyst was prepared by the sol-gel method. The obtained singlephase powder had a distorted rhombohedral structure belonging to R3c space group. The material under visible light showed improved degradation of MB pollutants. The degradation rate of MB dye was evaluated and determined to be 57, 67 and 75 for powders annealed at 600, 700 and 800°C, respectively, after 2 hours of visible light irradiation. The annealing temperature affected the synthesis of Bi 0.65 Na 0.2 Ba 0 . 15 FeO 3, which influenced the degradation of the dye. The energy bandgap for the powder with the highest visible light photoactivity (BNBFO at 800°C) was estimated to be 2.05 eV which shows that the material may have some promising applications in environmental remediation and wastewater treatment. 
